Abstract
Introduction

24
Development in urban regions can have deleterious effects on forest cover and connectivity 25 (Medley et al., 1995; Nowak & Walton, 2005; Riitters et al., 2002) , but spatial and temporal 26 patterns of canopy loss within these landscapes can be complex (Sanders, 1984) . Intense 27 development in the urban core can lead to extreme loss of canopy cover, although recent urban 28 tree planting may ameliorate this effect to some degree (Zhou et al., 2011) . In densely forested 29 regions, this conversion can result in landscapes with strong urban-rural differences in canopy 30 cover and habitat connectivity (Miller, 2012) . This is especially true in areas where rural canopy 31 cover has recently increased due to regrowth of forest cover related to agricultural abandonment 32 (Zhou et al., 2011) . More recent suburban and exurban development has led to increasing 33 fragmentation of forest cover relative to pre-urban conditions in areas beyond the urban core 34 (Radeloff et al., 2005) . Such development may decrease differences in canopy cover between 35 core and rural areas, but these differences likely persist in most densely forested regions (Miller, 36 2012; Zhou et al., 2011) .
37
Much of the research on the effects of urbanization on forests has been conducted in densely 38 forested regions, but many urban areas are situated in landscapes that were either unforested or 39 had a heterogeneous landscape composed of a variety of ecosystem types prior to urbanization 40 (Nowak et al., 1996; Schleeweis et al., 2013) . At the sparsely forested end of this spectrum are 41 biophysical regions such as plains or deserts, where the pattern of tree canopy cover in the urban essential to assessing functional changes in the landscape related to urban development (Ward et 93 al., 2007) .
94
The primary goals of this project were to evaluate changes in the extent of forest ecosystems 95 (which were largely oak-dominated) over the past ~180 years (1830's to present) in the greater 
Methods
108
Study area
109
The study area encompassed the Illinois portion of the Chicago metropolitan region, which 110 covers 18,822 km 2 and all or part of 18 counties (Fig. 1) . The Chicago region is home to ~9 "scattering timber", or "barrens" in the survey notes) across the region. To support specific 139 understanding of trends in oak ecosystems for regional planning purposes, witness tree data 140 were used to determine which of these ecosystems had an oak component in the PLS era 141 (Schulte & Mladenoff, 2001) . Bearing and line tree data recorded in the PLS illustrate that the 142 vast majority of forested areas in the region had oak trees present (Fahey et al., 2014; Fahey et 143 al., 2012) . In the seven county region (for which witness tree data is available as spatial data), between tract-level percent retention and these predictors was then assessed using multiple 240 regression in an information theoretic framework using PROC MIXED in SAS v.9.4 (SAS-
241
Institute-Inc., 2015). We also assessed the factors associated with conversion or preservation of 242 individual 1ha pixels using multiple logistic regression with PROC LOGISTIC in SAS.
243
Predictors included were: percent impervious surface, distance to stream, household density and (Nowak et al., 2013 
287
Although there were strong differences among counties in the degree to which forest 288 ecosystems were retained into the modern era (relative to both the PLS era and 1939; declined greatly and perimeter to area ratio and edge density both greatly increased (Table 3) .
304
Core area (area >100m from patch edge) declined greatly between 1939 and 2010 and at a much 305 higher rate than forest ecosystem area overall (42% retention of core area vs. 61% overall). In contiguous ecosystems, but still far fewer than in the pre-settlement landscape (Table 1) .
310
Parcel sizes and degree of fragmentation or connectivity varied greatly across the landscape 311 (Table 3 ) and appeared to be strongly related to patterns of population growth and urbanization
312
( Fig. 3) . Both percent retention of core area from 1939 to 2010 and change in nearest neighbor 313 ratio (increased isolation of patches) were related to percent change in population at the county 314 scale during that same time period as all had between 10 and 32% retention.
341
The strongest predictors of forest ecosystem retention at the census tract scale were distance 342 to stream and percent impervious surface. The model incorporating these two factors was more 343 strongly supported than any other in the set (ΔAIC = 3.3, Table 4 ) and was very highly weighted relative to the model set as a whole (w i = 81%). Forest ecosystem retention was much more 345 likely in areas in close proximity to streams and where there was lower impervious surface area 346 in the vicinity (Fig. 4) . forests are often constrained to fire-protected areas such as the east sides of major waterways 378 (Fahey et al., 2014) . The finding that proximity to waterways also had an important effect on the 379 probability of forest conversion, likely reflects the tendency of the early land preservation 380 movement to focus on densely-canopied forests along major rivers or that these areas were to the modern structure of the landscape, making the "snap-shot" provided by the PLS surveys 386 especially important in this instance (Rhemtulla et al., 2009 ). On the other hand, the strong 387 relationships of land-use and impervious surface with forest conversion indicate a direct effect of 388 development and urbanization on forest ecosystem retention .
In a landscape such as the Chicago region, which was fragmented by the disturbance 390 regime prior to urban development (Fahey et al. 2014 especially some of the river corridors, these areas are isolated from other remnant ecosystems
402
( Fig. 1) . Recent suburban and exurban development also appear to have had an especially strong 403 influence on the spatial landscape patch structure of the remnant forest ecosystems of the region 404 over the past ~70 years (Zhou et al., 2011) . Areas with rapidly increasing populations in this time 405 period had especially strong decreases in core habitat, especially high levels of fragmentation,
406
and large decreases in connectivity (Civco et al., 2002; Dallimer et al., 2011; Iverson & Cook, 407 2000). The effect of suburban development on forest fragmentation is widely recognized (Miller, 408 2012; Radeloff et al., 2005; Zhou et al., 2011) (Fahey et al., 2012) . In this analysis, the probability of forest conversion was 417 greatest in agricultural land uses, even relative to commercial and industrial land uses ( Miller, 2012; Zhou et al., 2011) .
423
Although highly urbanized areas had the greatest degree of forest conversion and 424 fragmentation, the forests that remained in these areas also had a greater degree of protection,
425
reflecting the importance of natural areas reserve networks (Pickett et al., 2008) . There was a 426 very strong positive relationship between the percent of remnant ecosystems in protected land 427 status and the density of population in each county (Fig. 3a) . the ecology of the region (Fahey et al., 2012; Zipperer, 2002 ecosystems also were more "healthy" in other respects, for example they had much lower 446 invasive species dominance than other forested areas (Zipperer, 2002) . The preservation of these 447 ecosystems may be essential to the integrity of the regional ecosystem , but 448 strict focus on preservation is likely to lead to continued degradation of the value of these forests.
449
The high canopy cover of these areas is a positive in some respects (such as providing shade for 450 humans and other animals; Nowak et al., 2013) , but is also likely a factor in the consistent lack 451 of oak regeneration evident in the region (Carter et al., 2015; Fahey et al., 2014; Lorimer, 1993) .
452
Active restoration (e.g., prescribed fire or canopy thinning) is likely to be necessary in many of 453 these forests, both to maintain the low dominance of invasive species (Knight et al., 2007) , and 454 to provide conditions that can promote biodiversity and continued dominance of important native 455 canopy species such as oaks and hickories (Dey et al., 2010) . retained some of the characteristics of remnant forests and the canopy in these areas is likely still 465 highly valuable both for ecosystem services and to the residents of these areas (Nowak, 1993; 466 Zipperer, 2002) . However, additional work is needed to assess the ecosystem service value of 467 these areas and whether they can provide habitat connectivity between remnant patches (Angold 468 et al., 2006; Rudd et al., 2002) . Characteristics of the ecosystem beyond the canopy layer (e.g.,
469
groundcover, understory structure, woody debris) are likely to have a very strong influence on 470 the suitability of these areas as habitat or movement corridors.
471
The dominance of oaks varied greatly among the categories of development timing,
472
reflecting the importance of remnant forests for the regional oak resource (Table 5 ). There are 473 certainly some oak-dominated forests that have established in areas that were not part of the 474 original forest, or were converted from the original ecosystem and then subsequently reverted to 475 oak dominance (Zhou et al., 2011) . Although these areas are not likely to have the same 476 structural and functional characteristics as the remnant ecosystems, they nonetheless could also 477 form an important component of the regional oak resource. These forests will become especially 478 important in the future as they become more similar to the remnant ecosystems in age and size structure (Zipperer, 2002) . Further effort is needed to identify these areas to attempt to document 480 the totality of oak ecosystems in the region. Such efforts could rely on remote sensing and image 481 analysis approaches to delineate areas with oak dominance and inform targeted field surveys to 482 assess composition and structure (Gu et al., 2015; Ward et al., 2007) .
484
Implications for urban forest landscape management
485
In urban and suburban parts of the Chicago region, the existing high levels of protection for existing remnant forest ecosystems (Robinson & Handel, 2000) .
500
In rural and exurban portions of the region there may be more opportunities for putting 501 additional remnant forest patches into some form of protected status as well as connecting remnant patches with either remnant or restored ecosystems. In more rural parts of the region, variety of milieus present within this large urban landscape.
512
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